The Rad51 protein of Saccharomyces cerevisiae is a eukaryotic homolog of the RecA protein, the prototypic DNA strand-exchange protein of Escherichia coli. RAD51 gene function is required for efficient genetic recombination and for DNA double-strand break repair. Recently, we demonstrated that RecA protein has a preferential affinity for GT-rich DNA sequences-several of which exhibit enhanced RecA protein-promoted homologous pairing activity. The fundamental similarity between the RecA and Rad51 proteins suggests that Rad51 might display an analogous bias. Using in vitro selection, here we show that the yeast Rad51 protein shares the same preference for GT-rich sequences as its prokaryotic counterpart. This bias is also manifest as an increased ability of Rad51 protein to promote the invasion of supercoiled DNA by homologous GT-rich single-stranded DNA, an activity not previously described for the eukaryotic pairing protein. We propose that the preferred utilization of GT-rich sequences is a conserved feature among all homologs of RecA protein, and that GT-rich regions are loci for increased genetic exchange in both prokaryotes and eukaryotes.
In the yeast Saccharomyces cerevisiae, genes belonging to the RAD52 epistasis group are required for homologous recombination and for DNA double-strand break repair (for reviews, see Resnick 1987; Petes et al. 1991; Game 1993) . The RAD52 group includes the RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, MRE11 , and XRS2 genes. Genetic characterization of this group has identified RAD51 as one of the most important members of this group. Mutations in the RAD51 gene result in a myriad of defects including sensitivity to ionizing radiation and alkylating agents, a deficiency in mating-type switching, and deficiencies in mitotic and meiotic recombination (Resnick 1987; Petes et al. 1991; Shinohara et al. 1992; Game 1993) . The Rad51 protein shares significant sequence as well as structural homology with the prototypic and most well-studied DNA strand exchange protein RecA from Escherichia coli (Aboussekhra et al. 1992; Basile et al. 1992; Shinohara et al. 1992) . The RecA protein is absolutely essential for homologous genetic recombination and DNA repair in E. coli (for reviews, see Clark 1973; Radding 1988; West 1992; Cox 1993; .
The recent purification and biochemical characterization of the yeast Rad51 protein has provided an opportunity to compare it more thoroughly to RecA protein.
Similar to RecA protein, Rad51 protein has DNA-dependent ATPase activity (Sung 1994; Sugiyama et al. 1997) , and possesses the ability to promote homologous pairing and DNA strand exchange in vitro (Sung 1994; Sung and Robberson 1995; Sugiyama et al. 1997) . Also, Rad51 protein forms a nucleoprotein filament that is indistinguishable from the filament formed by the RecA protein (Ogawa et al. 1993b; Sung and Robberson 1995) . However, although these activities establish Rad51 protein as the yeast analog of the RecA protein, some differences do exist. First, the Rad51 protein catalyzes the hydrolysis of ATP at a rate that is ∼35-to 40-fold lower than for RecA protein (Sung 1994; Sugiyama et al. 1997) . Second, the Rad51 protein does not require ATP hydrolysis at any step during DNA strand exchange (Sung and Stratton 1996) . Finally, the Rad51 protein catalyzes DNA strand exchange with a polarity (3Ј → 5Ј), which is opposite to that of RecA protein (Sung and Robberson 1995) .
These DNA strand exchange proteins are characterized by their ability to bind DNA without regard to sequence and to pair any homologous DNA sequence to its partner (for reviews, see West 1992; Ogawa et al. 1993a; Camerini-Otero and Hsieh 1995) . This permits genetic recombination to occur anywhere along the length of homologous chromosomes. However, although binding and pairing of DNA are generally regarded as being nonspecific, loci exist within both prokaryotes and eukaryotes that are either enhanced or depressed for homologous recombination. Previously, we showed that a component of this variance could be attributed directly to the DNA strand exchange process. Using in vitro selection and homologous pairing assays, we showed that (1) the E. coli RecA protein has a preferential affinity for GT-rich DNA sequences; (2) these selected sequences display enhanced RecA protein-dependent homologous pairing activity; and (3) that these sequences are found at genomic loci within prokaryotes and eukaryotes that display enhanced recombinational activity, such as the E. coli recombination hot spot Chi (; 5Ј-GCTGGTGG-3Ј) (Lam et al. 1974; Dixon and Kowalczykowski 1991) , microsatellite DNA from humans, the constant region of heavy chains of immunoglobulins from several mammals, and Alu repetitive elements from humans (Tracy and Kowalczykowski 1996) . These findings suggested that the genetic instability observed at these sequences is attributable, at least in part, to the recombinational activity of the respective DNA strand exchange protein. This suggestion proved accurate for the sequence, as DNA substrates containing exhibited elevated levels of homologous pairing in RecA protein-dependent joint molecule formation assays (Tracy and Kowalczykowski 1996) .
Because of the genetic and biochemical similarities between the RecA and Rad51 proteins, we wanted to determine whether Rad51 protein displays an analogous preference for binding and homologously pairing GTrich DNA. Using in vitro selection, we show that the yeast Rad51 protein has a similar bias for GT-rich DNA sequences. This preference is also displayed as an increased rate and extent of homologous pairing activity. Confirming our supposition above, many of the sequences share significant homology with eukaryotic genomic sequences that are genetically unstable. Therefore, we suggest that such GT-rich DNA sequences are universally important loci for genetic exchange.
Results

In vitro selection of GT-rich DNA sequences by Rad51 protein
To determine whether the Rad51 protein has a preference for a certain DNA composition, we performed in vitro selection starting with a pool of 6 × 10 13 54-mers (SKBT18; Table 1 ). The 54-mers are composed of a random internal region of 18 nucleotides, and two flanking defined regions of 18 nucleotides (Tracy and Kowalczykowski 1996) . To ensure significant competition between all of the 54-mers, we used limiting concentrations of purified Rad51 protein during five cycles of selection and amplification. The selected 54-mers were cloned and 40 randomly chosen clones were sequenced. Figure 1 depicts the sequences of the internal 18-mer regions that were selected by Rad51 protein. The average base composition of these sequences is highly over-represented for G and T residues (45% and 31%, respectively), and is significantly under-represented for A and C residues (10% and 15%, respectively). In addition to the 32 different sequences shown, the sequence displayed for clone 1 (selected sequence 1) appeared an additional eight times (which accounts for the missing clones in Fig. 1 ). Clone 39 is identical to clone 1, except for single-base changes at positions 2 (C → G) and 18 (C → G). Remarkably, the sequence of clone 1 is exactly the same sequence that appeared 16 times in the RecA protein selection experiments (Tracy and Kowalczykowski 1996) . The frequent selection of this sequence is not a consequence of it being over-represented in the initial pool, as sequencing results showed that the pool was completely random (data not shown).
Similarly, control reactions established that the observed preference does not arise from the in vitro selection methodology (Tracy and Kowalczykowski 1996) , demonstrating that the bias shown by RecA protein and Rad51 protein is intrinsic to these proteins. These results demonstrate that Rad51 protein has a preference for DNA sequences that are GT-rich, and that it has a particular bias for the sequence found in clone 1. Strikingly, this is nearly identical to the results obtained with RecA protein, except that Rad51 protein appears to have an even greater preference for G's and a slightly decreased bias for T's.
Significant over-representation of GT-rich dinucleotides and trinucleotides in the selected DNA sequences
Because both the Rad51 and RecA proteins bind two to three nucleotides per protein monomer (Kowalczykowski 1991; Shinohara et al. 1992; Ogawa et al. 1993b) , the distribution of dinucleotide and trinucleotide frequencies in the protein-selected sequences serves to quantify the intrinsic pattern of preferences displayed by a protein monomer for a given sequence. Table 2 shows that a group of trinucleotides (GTG, TGT, TGG, GGT, GGG, and TTG) are significantly over-represented. Except for one case (GGG), all of these triplets were also highly over-represented in the RecA protein-selected sequences (Tracy and Kowalczykowski 1996) . Also, as observed for RecA protein, many triplets containing A and C residues are significantly under-represented. An analysis of the dinucleotide frequencies showed that three (GT, TG, and GG) are significantly over-represented relative to the expected frequency and to the other dinucleotide frequencies ( Table 2) . As observed for the trinucleotides, dinucleotides containing A and C residues are significantly avoided; the RecA protein-selected sequences displayed an identical bias. A 2 test demonstrated that the frequency pattern for both the trinucleotide and dinucleotide distributions is not the result of random chance (data not shown). Interestingly, the most overrepresented triplet in the S. cerevisiae genome is TGG/ CCA, and the second most over-represented dinucleotide is TG/CA (Burge et al. 1992) , two of the most highly over-represented in the selected sequences. A similar correlation was observed between the RecA protein-selected sequences and the E. coli genome (Tracy and Kowalczykowski 1996) . Figure 1 . Rad51 protein selects for GT-rich DNA sequences from a random pool of oligonucleotides. In vitro selection was performed using the 54-mers containing a random internal region of 18 nucleotides. The sequences of the 18-nucleotide region after five cycles of selection and amplification are shown. In addition, the frequency of occurrence for each base is shown, along with the average base composition for all of the sequences. Frequency was calculated by determining the number of times a certain trinucleotide occurred in all 32 sequences and dividing this number by the total number of trinucleotide occurences (512). The expected frequency for a trinucleotide is 1.6% (1/4 3 = 1/64). b Frequency was calculated by determining the number of times a certain dinucleotide occurred in all 32 sequences and dividing this number by the total number of dinucleotide occurrences (544). The expected frequency for a dinucleotide is 6.3% (1/4 2 = 1/16).
Rad51 protein is targeted to GT-rich DNA
Selected sequence 1 displays enhanced Rad51 protein-dependent joint molecule formation
Although Rad51 protein can promote DNA strand exchange between circular single-stranded DNA (ssDNA) and linear double-stranded DNA (dsDNA), its ability to promote invasion of supercoiled DNA by homologous ssDNA is unknown. Hence, we examined this aspect of Rad51 protein in the context of these selected DNA sequences. Because both RecA protein and Rad51 protein selected the sequence shown for clone 1, and as this sequence displayed an enhanced rate and extent of joint molecule formation (homologous pairing) in RecA protein-dependent pairing assays (3.5-and 3.4-fold increases, respectively) (Tracy and Kowalczykowski 1996) , this sequence was used with Rad51 protein. Joint molecule formation was examined using the plasmid pBT54CN1, which contains selected sequence 1 as dsDNA in the multiple cloning site, and one of the following ssDNAs, (1) selected sequence 1 (SKBT16; Table 1); (2) the complement of SKBT16 (SKBT17; Table 1), which pairs in exactly the same region of the plasmid and thus eliminates the possibility of plasmid positiondependent effects; or (3) sequences (SKBT19 and SKBT20; Table 1 ) that are homologous to pBT54CN1 outside the vicinity of the selected sequence. In addition, because both the absolute level of homologous pairing and the pairing bias displayed by selected sequence 1 in the RecA protein-dependent reactions are sensitive to the magnesium ion (Mg 2+ ) concentration, and as the optimal Mg 2+ concentration for in vitro pairing assays with Rad51 protein is unknown, we examined joint molecule formation at several different Mg 2+ concentrations. Figure 2 shows Rad51 protein-dependent formation of joint molecules at two different Mg 2+ concentrations, 4 and 10 mM. Figure 2A demonstrates that Rad51 protein is able to promote the uptake of ssDNA (SKBT16) into a supercoiled molecule (pBT54CN1) at both 4 and 10 mM Mg . At both concentrations, the initial rate and maximal extent of joint molecule formation are significantly increased for the selected sequence (SKBT16) relative to the control oligonucleotides. At 4 mM Mg 2+ , the initial rate and maximal extent are increased on average ∼4.4-and 4.0-fold, respectively (Fig. 2B) . When the Mg 2+ concentration was increased to 10 mM, the difference in the rate and extent between SKBT16 and the controls is still significant, although slightly reduced (∼2.0-and 1.7-fold, respectively; Fig. 2C ). Pairing was also examined at higher Mg 2+ concentrations (15 and 20 mM) for both SKBT16 and SKBT17. Even at these relatively high Mg 2+ concentrations, the selected sequence still demonstrated enhanced joint molecule formation (data not shown). Control reactions in the absence of Rad51 protein, using a heterologous plasmid (pBR322), or lacking pBT54CN1 establish that this is an entirely homology-dependent and Rad51 protein-dependent pairing reaction, and for the first time, demonstrate that Rad51 protein is capable of promoting DNA strand invasion (Fig. 2) . Similar to the results obtained for the RecA protein-dependent pairing assays, we find that the intrinsic difference in pairing activity between selected sequence 1 and the controls is most apparent at suboptimal in vitro reaction conditions (4 mM Mg 2+ ).
Discussion
Rad51 protein-selected sequences are similar to genetically unstable eukaryotic genomic sequences
Because the set of GT-rich sequences selected by RecA protein are similar to genetically unstable DNA sequences in both prokaryotes and eukaryotes, we wanted to determine whether the Rad51 protein-selected sequences might also represent attractive genomic targets for Rad51 protein action. When these sequences were compared to DNA sequences within the National Center for Biotechnology Information (NCBI) databases using the BLAST network service (Altschul et al. 1990) , and the GenBank database using FastA, several (clones 1, 2, 3, 8, 9, 10, 13, 14, 20, 25, 26, 28, 30, 32, 33, 36, and 39) were found to share significant homology with sequences from eukaryotic organisms that are recombinationally active, such as microsatellite DNA, the constant region of the heavy chains of immunoglobulins, Alu repetitive elements, and telomeric repeat sequences (Table 3) . Several studies showed that microsatellite sequences from mammalian genomes are hot spots for homologous recombination (Jeffreys et al. 1995; Steinmetz et al. 1986; Wahls et al. 1990 ). Wahls et al. (1990) indicated that their data were most consistent with a specific enzyme recognizing the consensus minisatellite sequence, and subsequently stimulating, either directly or indirectly, its ability to recombine. It is known that the constant region of the heavy chains of immunoglobulins from several mammals undergo rearrangement by homologous recombination at DNA sequences (called switch sequences), which are generally GT-rich (Singer and Berg 1991) ; the Rad51 protein is expressed and localized in B cells that carry out immunoglobulin heavy chain class switch recombination (Li et al. 1996) . Alu repetitive elements are short repetitive DNA sequences (∼300 bp long) that are dispersed throughout the genomes of vertebrates. They are of interest from a physiological point of view because they have been shown to cause genomic rearrangements in humans as a result of homologous recombination (Vanin et al. 1983; Henthorn et al. 1986; Hobbs et al. 1986; Nicholls et al. 1987; Rouyer et al. 1987; Rudiger et al. 1991) . Finally, there is mounting evidence that both interstitial and terminal telomeric repeat sequences are hot spots for recombination in several eukaryotic organisms, including S. cerevisiae (Pluta and Zakian 1989) , mice Nachman and Churchill 1996) , and humans (Brown et al. 1990; Park et al. 1992; Rossi et al. 1993) . In Schizosaccharomyces pombe, homologous pairing of chromosomes was shown to be most frequent near centromeres and telomeres (Scherthan et al. 1994) . Considering that practically all telomere repeat sequences are GT-rich (Henderson 1995) , our results can potentially explain their high recombination frequencies. When the Rad51 protein-selected sequences are compared to the telomere repeat sequences, clones 1 (the most prevalent sequence) and 39 show a close resemblance to the repeat sequence from S. cerevisiae [5Ј-TGTGGGTGTGGTGTGG-3Ј (Singer and Gottschling 1994) ]. Previously, it was shown that the maintenance of telomeric repeat arrays in the yeasts S. cerevisiae and Kluyveromyces lactis is strongly dependent on the RAD52 pathway, which involves the Rad51 protein, in strains lacking an active telomerase (McEachern and Blackburn 1996) . This demonstrates that homologous recombination can functionally substitute for telomerase, at least in these organisms. In addition, it was proposed that telomere-telomere recombination in S. cerevisiae could potentially be promoted by a RecA-like protein in a RAD52 independent manner (Pluta and Zakian 1989); Rad51 protein is a candidate for this role. Similarity was determined by using the VAX computer programs BLAST and FASTA (Genetics Computer Group, Inc.) . Homology is considered to be significant when 14 of the 18 bases are identical.
Many of the selected sequences (clones 1, 2, 20, 25, 28, 37, 38, and 39) also share similarity with DNA segments associated with triplet expansion diseases in humans, such as Fragile X syndrome and Huntington's disease (Table 3) . Fragile X syndrome is an X-linked dominant mental retardation disorder that is inherited (Richards and Sutherland 1992) . The disorder occurs as a result of significant expansion of the (CGG) n trinucleotide repeat (from 2 to 50 copies in normal individuals to >200-2000 copies in affected individuals) (Kremer et al. 1991; Oberle et al. 1991; Verkerk et al. 1991 ). Huntington's disease is an inherited neurodegenerative disorder that is progressive and ultimately results in cognitive loss, motor disturbances, and psychiatric problems (Martin and Gusella 1986) . Similar to Fragile X syndrome, Huntington's disease is characterized by expansion of a trinucleotide repeat (CAG n ). The repeat expands from 11-34 copies in the normal population to 42-66 copies in those affected by the disease (Huntington's Disease Collaborative Research Group 1993). One mechanism that was proposed to account for the variablity and instability associated with these tandem repeat sequences is unequal crossing over during homologous recombination (Smith 1974; Jeffreys et al. 1985) . If Rad51 protein were targeted to regions directly adjacent to the triplet repeat sequences, then potentially this preference could offer one explanation for the observed instability of these sequences.
Although we advance the idea that increased genetic exchange by members of the Rad51 protein family contributes to the genetic instability observed at these sequences, we also wish to make it clear that other mechanisms can contribute to the observed genomic instability. In this regard, genetic variation has been attributed to slippage of DNA polymerase during replication (Levinson and Gutman 1987; Wells 1996) , whereby the presence of DNA structures (e.g., hairpins) or proteins (e.g., histones) blocks the progression of DNA polymerase, causing it to continually slip. In addition, mismatch DNA repair has been implicated as a factor that contributes to the genetic variance (Strand et al. 1993; Jaworski et al. 1995; Wells 1996) .
Because recombination in vivo is dependent on not only Rad51 protein, but also several other proteins from the RAD52 epistasis group, it remains possible that these other proteins could further enhance or reduce the preferential binding and homologous pairing of GT-rich DNA sequences by Rad51 protein. Therefore, if increased genetic exchange mediated by Rad51 protein is indeed at least partially responsible for the observed genetic instability at these GT-rich genomic loci, then an additional consideration is whether other proteins of the RAD52 epistasis group are influencing the ability of Rad51 protein to act preferentially at these sites. Because several members of this group have been purified, it is now possible to ascertain whether they affect Rad51 protein function at GT-rich sequences.
Implications
Taken together, these findings argue that the preferential binding of GT-rich sequences is a universal characteristic of a class of recombination enzymes, which is conserved from bacteria to eukaryotes, and that these GTrich regions invite homologous recombination in their vicinity. A limitation of this argument is that we have examined only two members of this enzyme family and therefore we cannot exclude the possibility that other RecA protein homologs have preferences for DNA compositions that reflect that organism's genomic content. However, studies are in progress with a RecA protein homolog from the Archaea Domain, the RadA protein from Sulfolobus solfataricus (E.M. Seitz, R.B. Tracy, and S.C. Kowalczykowski, unpubl.) . On the basis of these preliminary data, we favor the universality argument advanced here. The coincidence of GT-rich sequences at recombination hot spots in the chromosomes of a variety of organisms, however, indicates that these particular regions are more attractive for binding and subsequent genetic exchange by several different recombination enzymes. In E. coli, the recombination hot spot coordinates the efficient recombinational repair of doublestranded ends that form from direct damage or as a consequence of stalled replication forks (Kuzminov et al. 1994 ). This coordination results from the ability of to focus the efforts of the RecA and RecBCD proteins at ''recombination islands'' that are rich in GT composition, rather than at random dsDNA breaks Kowalczykowski 1991, 1995; Tracy and Kowalczykowski 1996; Anderson and Kowalczykowski 1997; Tracy et al. 1997) . Consequently, this coordination permits a far more efficient maintenance of genomic integrity than any random, uncontrolled process. In eukaryotes, a similarly directed process is likely to be in place, with recombination hot spots playing a key role in both genetic diversity and genomic integrity.
Materials and methods
Chemicals
Chemicals were reagent grade, and solutions were prepared using Barnsted NANOpure water. ATP (Pharmacia LKB Biotechnology, Inc.) was dissolved as a concentrated stock solution at pH 7.5. The concentration of ATP was determined spectrophotometrically by using an extinction coefficient of 1.54 × 10 4 M/ cm at 260 nm.
Proteins
Rad51 protein was purified from E. coli using a protocol that was modified from that described by Sung (1994) (E. Zaitseva, T. Sugiyama, J. New, and S.C. Kowalczykowski, unpubl.) . T4 polynucleotide kinase was purchased from New England BioLabs. Taq DNA polymerase was purchased from Pharmacia. T7 sequenase, version 2.0, was purchased from U.S. Biochemical Corp. The enzymes were used as directed by the specific vendor.
DNA substrates
The oligodeoxyribonucleotides used and their sequences are shown in Table 1 . All oligonucleotides were synthesized and purified as described (Tracy and Kowalczykowski 1996) .
The plasmid pBT54CN1, which contains selected sequence 1 was constructed as described (Tracy and Kowalczykowski 1996) . pBT54CN1 was purified by CsCl density gradient centrifugation followed by use of a Qiagen Maxi Kit (Qiagen, Inc., Chatsworth, CA).
In vitro selection assay
The oligodeoxyribonucleotide used for in vitro selection (SKBT18) is shown in Table 1 . The random region contained an equimolar mixture of the four bases. The defined regions were used for PCR and cloning. The in vitro selection assay was performed as described (Tracy and Kowalczykowski 1996) , except for the following changes. First, the radiolabeled oligonucleotides (100 µM nucleotides) were mixed with selection buffer [30 mM Tris acetate (pH 7.5), 20 mM magnesium acetate, 1 mM DTT, 50 mM potassium acetate, and 2.5 mM ATP] and incubated at 37°C for 2 min; 1 µM Rad51 protein was then added. The reaction mixture (100 µl) was incubated at 37°C for 10 min, immediately applied to a nitrocellulose filter (HAWP 0025 from Millipore Corp.), and washed as described previously (Tracy and Kowalczykowski 1996) . Second, after each step of PCR, the amplified DNA was purified through a Microcon-10 column (Amicon).
Determination of dinucleotide and trinucleotide composition within the selected sequences
The VAX computer program Composition (Genetics Computer Group, Inc.) was used to determine the composition of dinucleotides or trinucleotides within the Rad51 protein-selected sequences. Once Composition had tabulated the occurrence of each dinucleotide or trinucleotide, the frequency (percentage) was determined.
Joint molecule formation assay
Oligonucleotides were 5Ј-end labeled with [␥-32 P]ATP and T4 polynucleotide kinase. Joint molecule formation was carried out in a reaction mixture (250 µl) consisting of 30 mM Trisacetate (pH 7.5), 1 mM DTT, 50 mM potassium acetate, 1 mM ATP, 1 µM nucleotides of oligonucleotides, 0.33 µM Rad51 protein, 18 µM nucleotides of pBT54CN1, and the indicated magnesium acetate concentration. The reactions were initiated by the addition of plasmid DNA, after preincubation of the other components for 5 min at 37°C. At 0, 2, 5, 10, 15, and 20 min, 40-µl aliquots were removed and immediately added to 5 µl of a 10% SDS/0.5 M EDTA mixture and 2 µl of proteinase K (14.4 mg/ml) (Boehringer Mannheim) to deproteinize the samples. Samples were incubated at 37°C for 10 min, followed by the addition of 5 µl of DNA loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, and 25% Ficoll). Reactions were analyzed by electrophoresis through a 1% agarose gel at 30 V for 14 hr. The gels were dried and quantitated using a Betagen Betascope 603 radioisotopic analyzer. All control reactions were conducted with SKBT16. The percentage of joint molecules formed was determined relative to the total amount of plasmid DNA (which was limiting) present in a reaction.
